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Year 2 Annual Progress Report
Proposal Title: A novel phosphatase gene on 10q23, MINPP, in hereditary and sporadic
breast cancer (DAMD17-00-1-0390)
PI: Charis Eng, MD, PhD

INTRODUCTION

PTEN is a tumor suppressor gene on 10q23 and encodes a dual specificity phosphatase.
One of the major substrates for PTEN is phosphotidylinositol (3,4,5) triphosphate in the
P13 kinase pathway. Downstream of this pathway lies Akt/PKB, a known cell survival
factor. When PTEN is functional and abundant, Akt is hypophosphorylated and hence,
pro-apoptotic. Conversely, when PTEN is dysfunctional or absent, P-Akt is high and
hence, anti-apoptotic. PTEN is a major susceptibility gene for Cowden syndrome (CS), a
hereditary disorder with a high risk of breast and thyroid cancer, and appears to be
involved in a broad range of tumors. In addition, germline PTENmutations have been
found in a developmental disorder, Bannayan-Riley-Ruvalcaba syndrome (BRR) as well.
This is an autosomal dominant disorder characterised by macrocephaly, lipomatosis,
hemangiomatosis and speckled penis. Previously not thought to be associated with
cancer risk, BRR families and cases with germline PTEN mutations have recently been
shown to be at risk for cancers and especially breast tumors. Between 10-80% (mean
60%) of CS families and 60% of BRR individuals have germline PTEN mutations.
Families that do not have germline PTEN mutations are not inconsistent with linkage to
the 10q22-23 region. While breast cancer is a major component of CS and 30-50% of
sporadic tumors carry hemizygous deletion in the I 0q22-23 region, no or rare sporadic
breast carcinomas have somatic intragenic PTEN mutations. A gene encoding a novel
inositol polyphosphate phosphatase, MINPP, with overlapping function with PTEN, has
been mapped to 10q23. We hypothesise that MINPP will be the susceptibility gene for
the remainder of CS and BRR families and might likely be the major tumor suppressor
gene on 1 0q23 which plays a role in the pathogenesis of sporadic breast carcinomas. We
hope to explore whether MINPP is another CS and BRR susceptibility gene by looking
for germline mutations in cases without germline PTEN mutations. We will also perform
mutation and fine structure deletion analysis of MINPP in sporadic breast carcinomas.
And finally, to prove that MINPP is a tumor suppressor and to begin to explore its
relationship with PTEN in breast carcinogenesis, we will perform stable transfection
experiments into two breast cancer lines with known genomic PTEN status (one PTEN
wildtype and one PTEN null) as well as known PTEN protein and P-Akt levels. We will
especially determine if MINPP is growth suppressive like PTEN, and determine if growth
suppression is mediated by GI arrest and/or apoptosis. Towards these ends, our specific
aims were:

1. To determine if germline mutations of MINPP cause PTEN mutation negative CS,
BRR and CS-like families.

2. To determine if somatic MINPP mutations and deletions are associated with sporadic
breast carcinomas.

3. To determine if MINPP affects Akt activity and causes GI arrest and/or cell death in
breast cancer cell lines.
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BODY

Task 1: Mutation analysis of MINPP in germline PTEN mutation negative CS, BRR
and CS-like Cases
Thirty unrelated CS probands, 35 unrelated BRR probands and 15 unrelated Proteus
syndrome probands known not to harbor germline PTEN mutations by PCR-based DGGE
and sequencing have thus far been ascertained for this particular task. CS and BRR were
diagnosed stringently by the criteria of the International Cowden Consortium (1) and as
documented previously (2), respectively. The criteria for the diagnosis of a CS-like
individual or family is as previously described (3). Preliminary mutation analysis of all
exons, exon-intron junctions and flanking intronic sequences of Mh\VPP1 have been
performed on all these probands using a combination of PCR-based DGGE and direct
sequencing. Amongst these 80 probands. no intragenic MJNVPP germline mutations have
been found to date.

We then came up with an extended hypothesis that while germline intragenic mutations
in MINPP] are going to be rare in PTEN mutation negative (by PCR-based strategies)
CS/BRR/CS-like, large germline deletions and rearrangements involving MINPP1 might
occur. To test this hypothesis, a comprehensive approach to look for hemizygous
mutations in the I 0q22-q23 region encompassing MINPPI and PTEN was instituted.
This included examining for possible hemizygosity of 10 microsatellite markers spanning
this region as well as using real-time PCR to look for true germline hemizygosity.
Microsatellite analysis and real-time PCR using probes only to exons 3 and 5 of PTEN
have been completed for all 80 probands. Complete analyses have been performed for 3
CS cases. Of these 3, 2 were found to carry germline deletions which encompass the
entire PTEN and the entire MINPPJ but not much further 5'. The remaining 1 has a
deletion whose 3' limits are exon 8 of PTEN but the 5' extent is not entirely characterized
although it most likely involves at least the 3' end of MINPPI. Real-time PCR using
probes to each of the exons of PTEN and MINPP] will be on--going.

In the last year, another gene 5' of MINPP1 called BMPRK4 encoding a receptor for the
b6ne morphogenetic proteins (BMPs) which belong to the TGFB superfamily was
uncovered as a susceptibility gene for juvenile polyposis. We examined this gene in
PTEN mutation negative CS and BRR and found 2 CS families with germline BMPR]A
mutations (4) [see appendix] (Eng et al unpublished). These 2 CS families were
particularly characterized by colonic features, which is relatively unusual for classic CS
families. See attached reprint as well.

Task 2: Mutation and deletion analysis of MINPP in sporadic primary human
breast carcinomas
To further understand the role of MINPP in sporadic counterparts of CS component
cancers, we are accruing two series of sporadic tumors, primary adenocarcinomas of the
breast and primary follicular thyroid neoplasias. Currently, we have accrued 60 breast
cancers and have examined the first 50 for somatic MINPP mutations. To date, no
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obvious pathogenic intragenic mutations have been found. Accrual of breast tumors and
MINPP mutation analysis continues.

In this series of breast cancers, we have also begun to look for somatic deletions in the
MINPP] and PTEN regions using LOH analysis. However, working from the hypothesis
that LOH can occur equally in the neoplastic epithelium as well as the surrounding
stroma, we analyzed 50 sporadic invasive ductal carcinomas for LOH at markers
D10S581, D10S579, D10S1765 and DIOS541 for LOH in epithelium and stroma, which
have, been separated by standard laser capture microdissection. Of the informative
samples, 42% had LOH of at least 2 D10 markers in the epithelium alone 30% stroma
alone and 15% in both compartments (5) [see appendix] (Eng et al, unpublished). See
attached reprint as well. These preliminary observations are tantalizing and we will
continue to pursue the somatic deletion angle. Further, we will also prepare to perform
MINPP1 and PTEN mutation analysis in the separate compartments.

Task 3: Functional studies of MINPP in PTEN+/+ and PTEN null breast cancer cell
lines
MINPP1 cDNA constructs have now been made in pCR2.1 and in the mammalian
expression system pUHD 10-3 which contains a tetracycline-suppressible (Tet-off)
promoter, as previously described for PTEN expression constructs (6). A single "pass"
stable transfection in MCF-7 breast cancer lines (endogenous PTEN and MINPP1
wildtype) did not produce any obvious growth suppressive effect. This will need to be
repeated and other biochemical differences will need to be examined.

KEY RESEARCH ACCOMPLISHMENTS
e Germline MINPPI deletions, with or without accompanying PTEN deletion, may

account for an unknown subset of PTENmutation negative (by PCR) CS and BRR.

* BMPRIA might be a rare new susceptibility gene for PTEN and MINPP mutation
negative CS and BRR, and might be associated with colonic phenotype.

* Somatic deletion of MINPPJ, with or without accompanying deletion of PTEN,
occurs in the neoplastic epithelium and/or surrounding stroma of sporadic invasive
ductal carcinomas of the breast.

REPORTABLE OUTCOMES
Zhou XP, Woodford-Richens K, Lehtonen R, Kurose K, Aldred M, Hampel H, Launonen
V, Virta S, Pilarski R, Salovaara R, Bodmer WF, Conrad BA, Dunlop M, Hodgson SV,
Iwama T, JMrvinen H, Kellokumpu 1, Kim JC, Leggett B, Markie D, Mecklin J-P, Neale
K, Phillips R, Piris J, Rozen P, Houlston R, Aaltonen LA, Tomlinson IPM, Eng C.
Germline mutations in BMPRIA/ALK3 cause a subset ofjuvenile polyposis syndrome
and of Cowden and Bannayan-Riley-Ruvalcaba syndromes. Am J Hum Genet 2001;
69:704-11.
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Kurose K, Hoshaw-Woodard S, Adeyinka A, Lemeshow S, Watson P, Eng C. Genetic
model of multi-step breast carcinogenesis involving the epithelium and stroma: clues to
tumour-microenvironment interactions. Hum Mol Genet 2001: 10:1907-13.

Conferred the William C. and Joan E. Davis Professorship of Cancer Research by The
Ohio State University, Oct., 2001.

Promoted to Professor of Medicine, Human Cancer Genetics and Molecular Genetics,
The Ohio State University, July 1, 2002.

CONCLUSIONS
The second year of work exploring MINPP as an alternative phosphatase in playing a role
in the etiology and pathogenesis of CS and sporadic tumors has suggested interesting
possibilities. Although we have found no intragenic germline MIVPP1 mutations in a
total of 80 PTEN mutation negative CS, BRR and CS-like (Proteus. etc), the numbers per
category are still relatively small, ie, sample size per category are not powered to detect
eg ,5-10% prevalence of mutation. More interestingly, however, we have found that
large germline MIiVPP1 and PTEAT mutations are associated with some subset of CS,
BRR and CS-like. This will be an avenue that we will vigorously pursue in the final year
of funding as this not only adds to our knowledge of phosphatases but it has clinical
implications for such individuals and their families. Another exciting observation
coming out of this second year of work is that somatic hemizygous deletion of MINPP1
with or without accompanying deletion of PTEN can occur in the epithelium and/or the
stroma of invasive ductal carcinomas of the breast. This observation suggests that
genetic alterations in the stroma play some role in the pathogenesis of breast carcinomas
and that there must be genetic cross talk between these two compartments. This avenue
of work will be pursued in the final year of funding as well.
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APPENDIX

NIH-Style Biosketch

Two Reprints:

Zhou XP, Woodford-Richens K, Lehtonen R, Kurose K, Aldred M. Hampel H, Launonen
V, Virta S, Pilarski R, Salovaara R, Bodmer WF, Conrad BA, Dunlop M, Hodgson SV,
Iwama T, Jdrvinen H, Kellokumpu I, Kim JC, Leggett B, Markie D, Mecklin J-P, Neale
K, Phillips R, Piris J, Rozen P, Houlston R, Aaltonen LA, Tomlinson IPM, Eng C.
Germline mutations in BMPR1A/ALK3 cause a subset of juvenile polyposis syndrome
and of Cowden and Bannayan-Riley-Ruvalcaba syndromes. Am. J. Hum. Genet.
2001 ;69:704-11.

Kurose K, Hoshaw-Woodard S, Adeyinka A, Lemeshow S. Watson PH. Eng C. Genetic
model of multi-step breast carcinogenesis involving the epithelium and stroma: clues to
tumour-microenvironment interactions. Hum. Mol. Genet. 2001;10:1907-13.
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The goal of this project is to examine the genotype-phenotype correlations of PTEN in Cowden syndrome and
in sporadic breast cancers.

"Dissecting out the bifurcation of lipid and protein phosphatase activities in PTEN-mediated growth arrest in a
breast cancer model"
PI: Charis Eng, MD, PhD
Agency: Susan G. Komen Breast Cancer Research Foundation Grant 10/1/00-9/30/02
The goal of this project is to determine the pathways downstream of PTEN's lipid and protein phosphatase
activities as they related to breast carcinogenesis.

"A novel phosphatase gene on 10q23, MINPP, in hereditary and sporadic breast cancer"
PI: Charis Eng, MD, PhD
Agency: Department of Defense Idea Award 8/1/00-7/31/03
The goal of this project is to examine another phosphatase with overlapping function to PTEN as a non'-PTEN
susceptibility gene for Cowden syndrome and isolated breast cancer.

"Genetic analysis of the role of the microenvironment in epithelial tumor progression"
PI's: Charis Eng, MD, PhD, Gustavo Leone, PhD and Michael C. Ostrowski, PhD
Agency: V Foundation Jimmy V Golf Classic Research Award 3/1/01-2/28/04
The goal of this award is to provide seed moneys to gather preliminary data and make reagents related to tumor-
microenvironmental interactions so that a group grant, eg PPG, may result from such work, as well as novel
targets for therapy and prevention

"RET complex polymorphisms in Hirschsprung disease"
PI: Charms Eng, MD, PhD
Agency: National Institutes of HealthRO1 Research Project Grant 7/1/01-6/30/05
The goal of this project is to identify and characterise common low penetrance alleles within RET and the genes
which encode its ligands and co-ligands in "sporadic" medullary thyroid carcinoma as well as sporadic
Hirschsprung disease

"Genetic alterations in the epithelial and stromal compartments of prostate adenocarcinomas"
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cancer in individuals with PTEN mutations, and to determine the risk and age of onset of each type of cancer.
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Germline Mutations in BMPRIA/ALK3 Cause a Subset of Cases
of Juvenile Polyposis Syndrome and of Cowden and
Bannayan-Riley-Ruvalcaba Syndromes*

Xiao-Ping Zhou,' ' Kelly Woodford-Richens,' t Rainer Lehtonen,4', Keisuke Kurose,1
Micheala Aldred,' Heather Hampel,' Virpi Launonen,4 Sanno Virta,/ Robert Pilarski,1
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Department of Internal Medicine, The Ohio State University, Columbus; 'Molecular and Population Genetics Laboratory, Imperial Cancer
Research Fund, and 3Department of Medical Genetics, United Medical and Dental Schools of Guy's and St. Thomas' Hospitals, London;4Haartman Institute, Department of Medical Genetics, and 'Department of Pathology, University of Helsinki, and 'Second Department of Surgery,
Helsinki Central Hospital, Helsinki; 7imperial Cancer Research Fund Cancer Immunogenetics Laboratory, Institute of Molecular Medicine,
University of Oxford, and 'Department of Pathology, John Radcliffe Hospital, Oxford; 'United Hospitals, Saint Paul; "Medical Research Council
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"Cancer Research Campaign Human Cancer Genetics Research Group, University of Cambridge, Cambridge

Juvenile polyposis syndrome (JPS) is an inherited hamartomatous-polyposis syndrome with a risk for colon cancer.
JPS is a clinical diagnosis by exclusion, and, before susceptibility genes were identified, JPS could easily be confused
with other inherited hamartoma syndromes, such as Bannayan-Riley-Ruvalcaba syndrome (BRRS) and Cowden
syndrome (CS). Germline mutations of MADH4 (SMAD4) have been described in a variable number of probands
with JPS. A series of familial and isolated European probands without MADH4 mutations were analyzed for germline
mutations in BMPR1A, a member of the transforming growth-factor a-receptor superfamily, upstream from the
SMAD pathway. Overall, 10 (38%) probands were found to have germline BMPRIA mutations, 8 of which resulted
in truncated receptors and 2 of which resulted in missense alterations (C124R and C376Y). Almost all available
component tumors from mutation-positive cases showed loss of heterozygosity (LOH) in the BMPRIA region, whereas
those from mutation-negative cases did not. One proband with CS/CS-like phenotype was also found to have a
germline BMPR1A missense mutation (A338D). Thus, germline BMPR1A mutations cause a significant proportion
of cases of JPS and might define a small subset of cases of CS/BRRS with specific colonic phenotype.

Introduction Peutz-Jeghers syndrome (PJS [MIM 175200]), Cowden
syndrome (CS [MIM 158350]), and Bannayan-Riley-

The major hamartomatous-polyposis syndromes com- Ruvalcaba syndrome (BRRS [MIM 153480]). Whereas
prise juvenile polyposis syndrome (JPS [MIM 174900]), CS and a subset of BRRS are allelic (Marsh et al. 1997a,

"1999), current evidence suggests that CS and BRRS are

Received July 10, 2001; accepted for publication August 8, 2001; genetically distinct from JPS and PJS (for reviews, see
electronically published August 30, 2001. Eng and Ji 1998; Eng and Parsons 2001). PJS is an

S Address for correspondence and reprints: Dr. Charis Eng, Ohio State autosomal dominant disorder characterized by peri-
University Human Cancer Genetics Program, 420 West 12th Avenue, oral pigmented spots, hamartomatous polyposis, and a
Suite 690 TMRF, Columbus, OH 43210. E-mail: eng-l@medctr.osu.edu

* To be presented, in part, as a slide presentation at the annual meeting risk for colon and breast cancers (Boardman et al. 1998;
of The American Society of Human Genetics, in San Diego, on October for review, see Eng et al. 2001). Germline mutations of
14, 2001. the nuclear serine-threonine-kinase gene LKB1/STKI1

The first three authors contributed equally to this article. cause most cases of PJS (Hemminki et al. 1998; Jenne
The last four authors are joint senior authors of this article.

O 2001 by The American Society of Human Genetics. All rights reserved. et al. 1998). CS is a poorly recognized autosomal dom-
0002-929712001/6904-0005$02.00 inant cancer syndrome characterized by multiple ha-
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Figure 1 Spectrum of germline BMPR IA mutations in 14 probands with JPS and in 1 family with CS/BRRS. The cxons arc depicted by the
numbered boxes at the top, and the domains of the receptor are depicted below. Signal pepride (SP), transmemnbrane domain (TM), ATP-binding
domain (ATP), extracellular domain (dotted bar), and kinase domain (black bar) are shown. Black squares represent the four families' mutations
published by Howe et al. (2001).

martomas and by a high risk for breast, thyroid, and originating mainly from Europe have been found to
endometrial cancers (Eng 2000). Although gastrointes- carry MADH4 mutations (Houlston et al. 1998; Friedl
tinal hamartomatous polyposis can be documented if et al. 1999; Roth et al. 1999; Woodford-Richens et al.
systematically searched for (Weber et al. 1998), the pol- 2000a, and in press). Thus far, genes encoding several
yps are rarely symptomatic in CS, in contrast to the other other SMADs have not been found to be associated with
three syndromes. BRRS is a congenital disorder char- JPS (Bevan et al. 1999; Roth et al. 1999). Recently, germ-
acterized by macrocephaly, lipomatosis, thyroid prob- line truncating mutations in BMPRIA/ALK3/SKRS
lems, and pigmented macules on the glans penis in males were described in four of four families segregating JPS
(Gorlin et al. 1992); in BRRS, gastrointestinal hamar- (Howe et al. 2001). BMPRIA, on 10q2 1-q2 2, encodes
tomatous polyposis can be quite prominent and symp- a bone morphogenic-protein-receptor serine-threonine

•tomatic (Tsuchiya et al. 1998). Germline mutations in kinase that belongs to the transforming growth-factor 3
the tumor-suppressor gene PTEN cause 80% of cases (TGFB)-receptor SMAD superfamily (for reviews, see
of classic CS and 60% of cases of BRRS (Marsh et al.
1998b, 1999). There is little, if any, linkage evidence of Massagur 2000; Eng 2001). Members of the TGFB-
genetic heterogeneity in CS (Nelen et al. 1996). The ex- receptor superfamily can homo-oligomerize or hetero-
tent of genetic heterogeneity in BRRS is unknown. Clin- oligomerize.
ical diagnosis of JPS is by exclusion, and JPS is char- We have examined BMPR lA for germline mutations,
acterized by gastrointestinal hamartomatous polyposis in a cohort of familial and sporadic cases of JPS, with

and by a risk for gastrointestinal cancers (for review, see the hypotheses that this mainly European cohort with
Eng et al. 2001). Germline mutations in MADH4 a relatively low MADH4-mutation frequency would
(SMAD4) have been described in a proportion of cases have a high frequency of BMPRIA mutations with a
of JPS (Howe et al. 1998). From a nonsystematic sur- distinct mutational spectrum. Furthermore, because of
vey of North American probands with JPS, it was esti- the location of this gene in proximity to PTEN (Dahia
mated that -35-60% of cases of JPS would harbor et al. 2000) and, perhaps, because of its function, it also
germline MADH4 mutations (Howe et al. 1998); how- became a good candidate gene for susceptibility in
ever, 3%-28% (weighted average 15%) of cases of JPS PTEN-mutation-negative cases of CS and of BRRS.
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Families, Material, and Methods were subjected to semiautomated PCR-based sequence
analysis by an ABI-377a or a Perkin-Elmer 3700, as

Families described elsewhere (Mutter et al. 2000).

Eighteen unrelated families with JPS and seven isolated Loss of Heterozygosity (LOH) Analysis
cases of JPS were ascertained by clinical criteria described
elsewhere (Marsh et al. 1997b) and were already known Available component tumors from BMPR1A-muta-
not to carry germline MADH4 mutations. Although all tion-positive and BMPRIA-mutation-negative cases

families and individuals met the diagnostic criteria forJPS, of JPS were subjected to LOH analysis with markers
some affected individuals had developed other tumors ALK3ca, ALK3ggaa, and D10S573, by techniques de-
(table 1)-predominantly, colorectal adenomas and/or scribed elsewhere (Marsh et al. 1998c; Woodford-Rich-
cancer-as is common in this condition (Woodford-Rich- ens et al. 2000b). Two component tumors from pro-
ens et al. 2000a). Twenty-one probands with CS/BRRS band JP8/1 (table 1) was analyzed by sequencing of the
or CS/BRRS-like phenotype without germline PTEN mu- amplicon containing the germline mutation, to examine
tations were ascertained by the revised operational di- allelic contribution.
agnostic criteria of the International Cowden Consortium
(Eng 2000) and by criteria described elsewhere (Marsh et Reverse-Transcriptase PCR (RT-PCR) Analysis
al. 1998a, 1999). Probands and families with CS/BRRS- To assess the putative splice-site mutation in proband
like phenotype have component features of CS/BRRS but JP8/1, RNA was extracted from her component tumors,
do not meet the operational diagnostic criteria set forth a Wilms tumor (table 1), and a colon carcinoma, and
by the International Cowden Consortium. All specimens cDNA was synthesized. RT-PCR was performed using
were collected and analyzed, after informed consent was the primers 5'-GCATAGGTCAAAGCTGTTTGG-3' and
obtained, under protocols approved by each institution's 5'-GCAAGGTATCCTCTGGTGCT-3', with AmpliTaq
Human Subjects Protection Committees. Gold (Perkin-Elmer) at and annealing temperature of

60'C. Amplicons were fractionated through 2% agarose,'Mutation Analysis were stained with ethidium bromide, and then were vi-
Genomic DNA was extracted from peripheral leuko- sualized with UV trans-illumination. Any aberrant bands

cytes, by standard protocols (Mathew et al. 1987). As noted on the gel were cut out of low-melting-point aga-
template, 20-100 ng of DNA was used for 35 cycles (941C rose, were gel- and column-purified, and then were sub-
for 1 min, 55°C for 1 min, and 72°C for 1 min, after a jected to sequence analysis.
hot start) of PCR amplification of each of the 11 coding
exons (thus, ALK3E3 corresponds to exon 1, etc.) and Results
flanking intronic regions of BMPR1A, by use of the fol-
lowing primers: ALKE3F (5'-TCCAAAATTCAGTTGT- All 11 coding exons, splice junctions, and flanking in-
ATTCC-3'), ALKE3R (5'-CACATACATrACTAAAAT- tronic regions of BMPRIA were examined in 18 unre-
GAACACTG-3'), ALKE4F (5'-GTCACGAAACAATG- lated MADH4-mutation-negative families with JPS and
AGCTTT-3'), ALKE4R (5'-TTAAGAAGGGCTGCAT- in seven unrelated MADH4-mutation-negative individ-
AAAA-3'), ALKESF (5'-CATTCAGACTCAAATTTCG- uals with isolated JPS. All available polyps from these
TT-3'), ALKE5R (5'-TCTCATGGGTCCCAAATTA-3'), cases showed no loss of SMAD4 expression. Overall, of
ALKE6F (5'-CCAAACCATTTCTAATTTTATCA-3'), 25 unrelated probands with JPS, 10 (40%) were found
ALKE6R (5'-CATGCTCCGACTTITCTC-3'), ALKE7F to have germline BMPR1A mutations (fig. 1): 6 (33%)
(5'-CCAGGCTACCTAGAATTGAA-3'), ALKE7R (5'- of the 18 familial cases and 4 (57%) of the 7 isolated
AACAGCGGT1GACATCTAAT-3'), ALKE8F (5'-CCT- cases had germline mutations. In the mutation-positive
CAAGGTTTTTCTTAGGG-3'), ALKE8R (5'-TCAAC- familial cases in which samples from family members
ACACCATTCATGTCT-3'), ALKE9F (5'-TCATCAAG-. were available, the respective mutations were shown to
AGCTCAAACCTT-3'), ALKE9R (5'-ACCTCACTAGC- segregate with affected status (data not shown)
CTTGTCAAA-3'), ALKE10F (5'-CCCTAGCCTATCT- Of the 10 germline BMPRIA mutations found in pro-
CTGATGA-3'), ALKE10R (5'-AACAGTGGGGCAAA- bands with JPS, all except 2 were nonsense, frameshift,
GAAC-3'), ALKE11F (5'-TATITrATTTTTGGCCCT- or splice-site mutations predicted to result in truncated
CA-3'), ALKE11R (5'-TGATGAGTAAATCAACATAA- receptors (fig. 1). The missense mutations found in cases
TCAG-3'), ALKE12F (5'-ATTTTTGTGCCCATGTTT- of JPS were examined in cohorts of 50 race-matched
T-3'), ALKE12R (5'-AATCACTTCTTCAGGGGACT- normal controls. None of the 100 normal control chro-
3), ALKE13F (5'-ACTCAGTCCCCTGAAGAAGT-3'), mosomes were found to carry these missense muta-
and ALKE13R (5'-CTAGAGTTTCTCCTCCGATG-3'). tions; furthermore, in the familial' cases of JPS with
The amplicons were gel- and column-purified and then C376Y, this mutation was found to segregate with dis-
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ease. Loss of the wild-type allele in three component tu-
mors-all of which were villous adenomas and two of Ai) B (i)
which also had adenocarcinomatous components-from
an affected family member was also demonstrated (fig.
2). The splice-site mutation IVS1-3c-,g was shown to
result in skipping of exon 1, and the component tumorI.,."
(a Wilms tumor; table 1) from the proband had loss of (II
the wild-type allele. A colorectal carcinoma from the pro-
band with the IVS1 splice mutation did not show LOH.
Thus, of five component tumors from BMPRlA-muta-
tion-positive individuals, four were found to have loss "" *n(ii
of the wild-type allele. In contrast, 24 component tumors 4
from 13 familial and isolated cases without germline
BMPRIA mutations showed no LOH in that region (data
not shown). (iv) bsi

Although limited because of small sample size, geno-
type-phenotype associations were examined, especially
those with respect to cardiac anomalies or to head/fa-
cial features (table I and fig. 1). Both among the 10()
BMPR1A-mutation-positive families and among the 15
BMPRIA-mutation-negative families, 2 had cardiac
anomalies; because of the limited size of sample, these
were not considered statistically different. Similarly, there
appeared to be no difference between the numbers of
mutation-positive and mutation-negative families and in- Figure 2 LOH analysis with microsatellite markers alk3ca (A)

dividuals with macrocephaly or hypertelorism. Although and alk3ggaa (B), which lie in proximity to BMPR IA (see text), and

there were only two probands/families with mutations as genomic DNA templates from family JPJ7/ 9, whose members harbor a
germline missense mutation, generated from peripheral blood leukocytes

well as with the clinical features of hypertelorism and (i), from villous adenoma (ii), from two villous adenomas with adeno-
macroccphaly, both of these mutations-IVS5-1g-t carcinomatous components (iii and iv,), and from normal tissue origi-

(SM316) and c.665insT (FT)-occurred in the juxta- nating from the same archival section as one of the villous adenomas

transmembrane domain (fig. 1). with adenocarcinoma (0).

Of 21 unrelated probands with CS/BRRS, without
germline PTEN mutations, 1 was found to have a germ-
line missense mutation, A338D, in exon 8 of BMPR IA. mainly from Europe, 40% have been found to harbor
This missense alteration was not observed among 172 germline BMPRIA/ALK3 mutations. Thus, among Eu-
race-matched, geographically matched control chro- ropean cases of JPS, MADH4 mutations account for
mosomes. Interestingly, the proband had only colonic _-28% of cases and BMPR1A mutations account for
polyposis, which comprised hamartomatous and ade- 40%. No systematic survey of cases of JPS originating
nomatous polyps and began at the age of 16 years, and in the United States has been performed yet, and it thus
lipomas. Her family history, however, comprised indi- is unknown what proportion cases of JPS is due to
viduals with breast cancer, with renal-cell carcinoma, BMPR1A mutations. Nonetheless, at least one other
with brain tumor(s), and with melanoma. Taken to- JPS-susceptibility gene should exist.
gether, these features constitute the minimum criteria Overall, to date, 14 different germline BMPR IA mu-
(i.e., one major and three minor) for the diagnosis of tations have been described in probands with JPS-10
CS (Eng 2000). It is acknowledged that the diagnosis in patients from this study and the 4 in U.S. kindreds
of CS in this family barely met the minimum Interna- described elsewhere (Howe et al. 2001). Of these germ-
tional Cowden Consortium diagnostic criteria, and line BMPRIA mutations, 9 (64%) are located within
some clinicians might consider this family to have a CS- cxons 6-8 (exon 1 is the first coding exon; there are
like phenotype. None of the other probands with CS/ two other noncoding exons 5' of exon 1), encoding part
BRRS or CS/BRRS-like phenotype were found to have of the intracellular domain of the receptor (fig. 1), and,
BMPR1A mutations. of these 9 mutations, 8 have occurred in the N-terminal
Discussion 142 amino acids of the kinase domain, half of which

are in close proximity to the ATP-binding site. There
In this cohort of familial and isolated cases of JPS who are no mutations located in or beyond the C-terminal
are MADH4-mutation-negative and who originate half of the kinase domain. Interestingly, the two pro-
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bands with mutations occurring in exons 5 and 6 both seven have occurred in familial cases of JPS whereas
have macrocephaly and hypertelorism. only two have occurred in isolated cases of JPS. In con-

All but one of the nine mutations in the cytoplasmic trast, of the four extracellular-domain mutations, two
domain are predicted to result in truncated receptors occur in familial cases and three occur in isolated cases.
(fig. 1). The truncations all leave an intact transmem- Because of the small sample sizes of each subset, no
brane domain, such that the mutant receptors could be statistical significance can be inferred. However, an in-
processed, to reach the plasma membrane, but are lack- teresting hypothesis to test in the future is that BMPR1A
ing all or part of the kinase domain. If the mutations mutations that occur in the cytoplasmic domain and

• in the cytoplasmic domain do result in truncated recep- that are predicted to be dominant negative are associ-
tors, then these truncated receptors might be expected ated with higher penetrance and with familial trans-
to bind ligand, but no signaling could occur. Thus, these mission. Because we have demonstrated LOH in com-
intracellular-domain mutations might be predicted to ponent tumors from mutation-positive individuals-
act via dominant negative mechanisms. Family JP7/19 and if this hypothesis is correct-then the dominant-
has a missense mutation in the middle of the kinase negative effect must act against other TGFB-recep-
domain, C376Y. Residue 376 lies within the kinase do- tor-family partners with which BMPR1A normally het-
main, in close proximity to the active site, and is highly ero-oligomerizes. Extracellular mutations that mainly
conserved among species-from Caenorhabditis elegans result in haploinsufficiency, on the other hand, are as-
to mouse and rat. Four of the :five mutations in the sociated equally with isolated and familial cases.
extracellular domain are predicted to result in truncated Because CS and BRRS lie within a single spectrum
receptors. However, unlike the truncations in the cy- (Marsh et al. 1999), we chose to examine probands with
toplasmic domain, two of the truncations would result CS/BRRS and CS/BRRS-like phenotype as one group.
in the lack of all or part of the signal peptide. The third Only one such proband with CS/CS-like phenotype was
truncation, $44X, results in a very short peptide without found to harbor a BMPR lA mutation-specifically,
a transmembrane domain. Cysteine 124 lies in the cys- A338D. This missense mutation occurs in the kinase
teine-rich domain, which characterizes receptor kinases domain-more specifically, immediately downstream of
and is highly conserved across the TGFB family of type the kinase catalytic core-and in a residue that is highly
I and type II receptors, as well as across species (Kirsch conserved across species, from C. elegans to mouse and
et al. 2000). The ectodomain of BMPR1A has six in- rat. Thus, if an acidic hydrophilic residue (aspartate)
tramolecular disulfide bridges between pairs of cyste- were substituted for a neutral nonpolar residue (ala-
ines, which conformationally allows for BMP2 binding nine), the kinase catalytic core would be predicted to
(Kirsch et al. 2000). Cysteine 124 is part.of disulfide be disrupted. Although ligand binding might still be-
bond 4, and between the two cysteines forming this possible, this mutation could be predicted to result ei-
disulfide bridge lie nine key residues, which form part ther in a loss of substrate specificity or in a receptor
of the ligand-binding epitope. Loss of the sulfhydryl that might not be able to bind substrate.
group at residue 124, as would be the case for this Despite some initial confusion that germline PTEN
mutation, would therefore result in severe conforma- mutations might be associated with rare cases of JPS
tional alterations and in loss of the ability to bind ligand. (Olschwang et al. 1998), over the course of the past 4
The splice mutation IVS5-lg-t would be predicted to years of clinical and molecular-epidemiologic analyses,
result in a receptor without a transmembrane domain, it has become obvious that the presence of germline
Thus, in general, extracellular-domain germline muta- PTEN mutations defines CS and BRRS, regardless of
tions-whether truncating or missense-together with the manner of clinical presentation (Eng and Jf 1998;
the somatic second hit-as evidenced by LOH in the Kurose et al. 1999; Marsh et al. 1999). This is germane
BMPR1A region in the majority of component tumors, for clinical cancer genetic practice, because the presence
both benign and malignant-might result in physical or of PTEN mutations implies organ-specific surveillance
functional lack of receptor. These observations contrast of the patient and of his or her family. On the other
with those of Howe et al. (2001), who failed to detect hand, detection of a MADH4 or a BMPR1A mutation
LOH in component tumors from mutation-positive should be considered diagnostic of JPS. In our opinion,
families. Our data demonstrating that BMPR1A be- families with CS/BRRS or CS/BRRS-like phenotype
haves in accordance with the Knudson two-hit theory with BMPR1A mutations must therefore, on the basis
strongly suggest that BMPR1A encodes a tumor sup- of molecular data, be reclassified as having JPS.
pressor and likely also plays a gatekeeping function
(Kinzler and Vogelstein 1998), much like SMAD4 itself Acknowledgments
(Woodford-Richens et al. 2000b).
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ABSTRACT In breast carcinogenesis and several genetic altera-
Although numerous studies have reported that high tions In both epithellal and stromal compartments
frequencies of loss of heterozygosity (LOH) at are required for breast tumour growth and progres-
various chromosomal arms have been identified in sion.

breast cancer, differential LOH in the neoplastic
epithelial and surrounding stromal compartments INTRODUCTION
has not been well examined. Using laser capture Breast cancer is the most common and second most lethal
microdissection, which enables separation of cancer in women in Western countries. Numerous studies have
neoplastic epithelium from surrounding stroma, we focused on the role of chromosome abnormalities and gene
microdissected each compartment of 41 sporadic mutations in sporadic breast cancer, but to date no clear model
invasive adenocarcinomas of the breast. Frequent of the critical events or delineation of primary abnormalities
LOH was identified in both neoplastic epithelial and/ has emerged. Various chromosome arms have been observed
or stromal compartments, ranging from 25 to 69% in to be affected by a high frequency 'of structural or numerical
the neoplastic epithelial cells, and from 17 to 61% in abnormalities (1-5). Although several of these chromosome

the surrounding stromal cells, respectively. The arms appear to be the sites of putative tumour suppressor genes

great majority of markers showed a higher frequency (TSGs), the number and identity of TSGs relevant for
greatH majrtye cmammary carcinogenesis is unknown. At the molecular level,
of LOH in the neoplastic epithelial compartment than several somatic mutations in genes residing in these regions
in the stroma, suggesting that LOH in neoplastic have been described (1,6-9). Despite this abundance of data,
epithelial cells might precede LOH in surrounding the relevance, role and timing of most of the described genetic
stromal cells. Furthermore, we sought to examine abnormalities in sporadic breast cancer are still unclear. It is
pair-wise associations of particular genetic altera- also not known whether specific mutations play relevant roles
tions in either epithelial or stromal compartments. as causative factors or are the consequence of the general
Seventeen pairs of markers showed statistically genomic instability and progression in breast tumours.
significant associations. We also propose a genetic A few studies have previously demonstrated that loss of
model of multi-step carcinogenesis for the breast heterozygosity (LOH) identified at various chromosomal loci

Involving the epithelial and stromal compartments at high frequency in invasive cancer is already present in in situcarcinoma, atypical ductal hyperplasia, non-atypical hyper-
and note that genetic alterations occur in the epithelial plasia of the breast, and perhaps adjacent normal epithelial
compartments as the earlier steps followed by LOH cells, although these studies predated laser capture micro-
in the stromal compartments. Our study strongly dissection (LCM), hence, contamination from clearly malignant
suggests that interactions between breast epithelial tissue cannot be excluded (10-15). These observations are also
and stromal compartments might play a critical role found in colonic adenomas (16), Barrett oesophageal metaplasia

*To whom correspondence should be addressed at: Human Cancer Genetics Program, The Ohio State University Comprehensive Cancer Centre, 420 West 12th
Avenue, Room 690C TMRF, Columbus, OH 43210, USA. Tel: +1 614 292 2347; Fax: +1 614 688 3582; Email: eng-l@medctr.osu.edu
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Figure 1. (A) LCM from breast cancer specimen. Captured cells are the neoplastic epithelial component. The surrounding stromal fibroblasts are immediately
adjacent to the removed cells (arrow). (B) Illustrative examples of LOH (arrows) and retention of heterozygosity (ROH) at D17S579. N, normal cells; Ep., epithelial cells;
St., stromal cells.

(17,18) and lung hyperplasias (19). These reports indicate that with invasive ductal carcinoma, and found LOH in the stromal
the majority of premalignant or precursor lesions share their cells. Although these investigators identified frequent genetic
LOH phenotypes with invasive disease in the same organs, alterations in the mammary stroma, each component of the
providing novel biologic evidence that they are genetically and breast carcinoma was manually microdissected; thus cross-
perhaps evolutionarily related. Nonetheless, until recently, any contamination cannot be excluded. Further, they examined a
cancer such as breast cancer was treated as a single amorphous limited number of samples and a limited number of micro-
entity. Most such genetic studies were uniformly performed on satellite markers on only five chromosome arms. In this
the entire tumour without regard to its components, despite the present study, we sought to systematically examine for genetic
fact that a few groups were quite aware of both epithelial and alterations in the epithelial and stromal components of invasive
stromal components of tumours, and the cell biology of the adenocarcinomas of the breast with the DNA extracted from
tumour 'microenvironment' has been described for the last cells from each compartment obtained by LCM. We found
20 years. Thus, until now, when a genetic alteration, be it intra- frequent LOH inboth epithelial and/or stromal components of
genic mutation, regional amplification or deletion manifested breast cancer and identified associations among LOH at
by LOH, is attributed to a breast cancer, it is unclear if the various chromosomal regions, suggesting that genetic altera-
alteration is actually occurring in the epithelial compartment, tions in the epithelial and surrounding stromal cells are
the surrounding stromal compartment or both. involved in the breast tumorigenesis through concurrent and

The effects of the metabolism of the tumour stroma, locally independent pathways. -

as well as systemically, are largely unknown. Although the
stroma has generally been considered a silent bystander during RESULTS
epithelial carcinogenesis, the concept that the microenviron-
ment is central to maintenance of cellular function and tissue LCM of each specimen was performed to selectively obtain
integrity provides the rationale for the idea that its disruption normal epithelial or stromal cells, carcinomatous epithelial
can contribute to neoplasia (20). Several studies performed cells and stromal cells surrounding the epithelial carcinoma
in vivo and in vitro indicated that the growth and invasive (e.g. Fig. IA). LOH at each of the 13 chromosomal regions
potentials of carcinoma cells are influenced through inter- was detected in epithelial and/or stromal compartments among
actions with host stromal cells (21-23). Despite these progressive the 41 invasive adenocarcinomas of the breast (e.g. Fig. I B).
cell biological studies, the precise genetic mechanisms leading Table I summarizes the frequencies of LOH observed at
to tumour progression remain unclear. Even less clear is the 13 loci in neoplastic epithelial and surrounding stromal cells.
role of differential genetic alterations in the epithelial Among the 13 microsatellite markers examined, the LOH
neoplastic component and its surrounding stroma. frequency ranged from 25% (9/36) at D3S 1581 (3p14-q2 1) to

Recently, Moinfar et al. (5) reported the high frequency of 69% (22/32) at D17S796 (17p]3) in the neoplastic epithelial
LOH in the mammary stroma with breast cancer. They examined compartment, and from 17% (6/36) also at D3S1581 to 61%
11 patients with ductal carcinoma in situ, including five cases (20/33) at D2S156 (2q34) in the surrounding stromal
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Table 1. LOH frequencies and distribution in the epithelial and stromal cells

Chromosomal Marker Cases with LOH in Cases with LOH Cases with LOH in Cases with Cases with Cases with McNemar's test
region Epa/informative in Stb/informative either Ep or St/ LOH only in LOH only LOH in both P-value (exact P-value)

cases cases informative cases Ep in St Ep and St

1p36 DIS228 16/34(47%) 10/34(29%) 21/34(62%) 11 5 5 0.1336 (0.2101)

2q34 D2SI56 16/33 (48%) 20/33 (61%) 26/33 (79%) 6 10 10 0.3 173 (0.4545)

3pl4.2-p21.2 D3S1581 9/36(25%) 6/36(17%) 11/36(31%) 5 2 4 0.2568 (0.4531)
3 p2 4 .3 -p2 5.l D3S1286 17/37 (46%) 14/37 (38%) 23/37 (62%) 9 6 8 0.4386 (0.6072)

6q25.3 D6S437 14/29(48%) 15/29(52%) 20/29(69%) 5 6 9 0.7630 (1.000)

~j 8p23.2 D8S264 21/32 (66%) 18/32(56%) 25/32 (78%) 7 4 14 0.3657 (0.5488)

I 0q23.3 Dl0S1765 15/36(42%) 10/32 (3 1%) 16/32(50%) 6 5 5 0.7630 (1.000)

I 1q23 DI IS912 19/.37 (51%) 16/37 (43%) 25/37(68%) 9 6 10 0.4386 (0.6072)

13q14 D13SI55 18/33(55%) 16/33(48%) 23/33 (70%) 7 5 11 0.5637 (0.7744)

16q24.3 D16S413 20/31 (65%) 13/32(41%) 23/31 (74%) 11 3 9 0.0325 (0.0574)

Flpl3 D17S796 22/32 (69%) 14/32 (44%) 24/32 (75%) 10 2 12 0.0209 (0.0386)

17q21 D17S579 17/32(53%) 11/32(34%) 21/32(66%) 10 4 7 0.1088 (0.1796)

22q]2.2.-ql3.1 D22S277 15/37(41%) 15/37(41%) 21/37(57%) 6 . 6 9 1.(000(1.000)

8Ep, epithelium; b5 5 , asroma.
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P--0.048 P--0.046 M- .046 P-4.010

D22S277/St 4-*D1OS1765ISt 4--'-D17S579ISt 4-', D13Sl55IEp 4 0-- D3S1286IEp

P=O 037 P--0.013 P-40502

D2SI56/Ep -'DI1IS912ISt -'D16S413/St

D6S437/St 4 -.01 I D2SIS56ISt 1 N-0029

DIOS1765/Ep D16S413/Ep
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D17S796/Ep 4 i-- D17S579/Ep -=.4
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Figure 2. Positive and negative associations between markers in epithelial and stromal compartments of adenocarcinomas of the breast. Double-headed arrows
denote positive correlations while double-knobbed lines denote negative correlations. Numbers above the arrows or lines are P-values (Fisher's exact test). Ep,
epithelial cells; St, stromal cells.

component (Table 1). D2S 156 (2q34) and perhaps D6S437 16q24.3 (D16S413) was identified more frequently in only the
(6q25) were the only two markers demonstrating a higher neoplastic epithelial cells (I11 tumours) than in only the stromal
frequency of LOH in the surrounding stromal compartment cells (three tumours; P = 0.0325, McNemar's test). The
compared with the neoplastic epithelia] cells. In contrast, the number of tumours that showed LOH at l7pl3 (D17S796)
great majority of markers showed a higher frequency of LOH only in stromal cells (two tumours) was significantly fewer
in the neoplastic: epithelial compartment compared with the than that having LOH at 17p13 in both epithelia] and stromial
surrounding stromal cells (Table 1). cells or only in the neoplastic epithelial cells (12 or 10

On further inspection of the differential LOH data, it can be tumours; P = 0.0209, McNemar's test).
noted that for certain markers, LOH predominates in the We then looked for pair-wise associations of dependency or
neoplastic epithelial compartment, for others, LOH predomi- independency of particular genetic alterations with one another
nates in the stromal compartment, and for yet other markers, it in either epithelial or stromal compartments (Fig. 2). We found
occurs in both compartments (Table 1). For instance, LOH at that there were statistically significant associations in 17 pairs
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Figure 3. Proposed genetic model of multistage. stepwise carcinogenesis in the breast involving the cpithelial and siromal compartments. Ep, cpithelial cells; St,
stromal cells.

(17/325; 5.3%) of markers (Fig. 2). Fifteen pairs (15/17; 88%) In the field of human cancer genetics, it has been shown that
showed positive associations and two pairs (2/17; 12%) markers with the highest frequency of LOH represent those
showed negative associations (Fig. 2). LOH at four markers, with the earliest genetic alterations, the so-called first 'hits',
D10S1765, DI 1S912 and D17S579 in the surrounding stromal and the one with the lowest frequency of LOH represents the
compartment and D2S 156 in the neoplastic epithelial compart- latest 'hit' in carcinogenesis (16). Thus, under this assumption,
ment, were associated with three or more sites of LOH (Fig. 2). from our data, we can propose a genetic model of multistage,
Of note, LOH at DIOS1765 in the stromal compartment was stepwise carcinogenesis in the breast, according to the relative
associated with LOH at D17S579 and D22S277 in the stromal frequencies of LOH in the epithelial and stromal compartments
compartments and also with LOH at D2S 156 in the neoplastic (Fig. 3). Our proposed model encompasses data that shows a
epithelial compartments. LOH at D17S579 in the stromal higher frequency of LOH in breast epithelial cells occurs
compartment, in turn, was found to be associated with LOH at earlier than in the stromal compartment (Fig. 3). Although
D2S 156 and DI3S 155 in the neoplastic epithelial compartment Moinfar et al. (5) worked without the advantage of LCM and
and at DlOS1765 in the surnounding stromal compartment. In used markers representing only five chromosomal regions and
contrast, LOH at D8S264 (8p23.2) in the neoplastic epithelial a sample size of 11, their observations of relative frequencies
cells is negatively correlated with LOH at DIS228 (lp36) in of LOH in the neoplastic epithelium (occurring in 1/4 to 3/3
the surrounding stromal cells. Interestingly, LOH at D8S264 in tumours) compared with presumably surrounding stroma
the surrounding stromal compartment is negatively correlated (occurring in 1/4 to 4/5 tumours) might be interpreted as
with LOH at D1S228 in the neoplastic epithelial compartment. concurrent with ours. These data together with our observa-

tions suggest that genetic alterations in the epithelial compart-
DISCUSSION ment, at least in some chromosomal regions, precede the

genetic changes in the surrounding stromal cells. If in fact we
In this present study, we have found frequent LOH in both may extrapolate that each region of LOH represents at least
neoplastic epithelial and surrounding stromal cells of invasive one putative TSG, then it is possible that the same putative
adenocarcinomas of the breast. In our series of 41 breast cancer gene involved in epithelial carcinogenesis plays some role in
samples, we identified LOH in the neoplastic epithelial the stroma at a later stage, with the possible exception of
compartment, ranging from 25% (9/36)'to 69% (22/32), and in D2S 156. In our study, the earliest genetic alterations occurred
the stromal compartment, ranging from 17% (6/36) to 61% at D8S264, Dl 6S413 and Dl 7S796 in the epithelium as well as
(20/33), respectively. Of note, the great majority of markers D2S156 in the stroma (Fig. 3). It is almost certain that the
demonstrated a higher frequency of LOH in the neoplastic D17S796 marker represents TP53, and indeed, TP53 altera-
epithelial compartment compared with the surrounding tions have been noted amongst the most frequent and earliest
stromal cells (Table 1). Further inspection of the differential somatic alterations in prior studies involving 'whole' breast
LOH data indicated that the frequency of LOH only in the carcinomas (24,25). The regions of D8S264 and D!6S413
stromal compartment occurred among fewer tumours than that have yet to yield convincing TSGs involved in breast carcino-
in both neoplastic epithelial and surrounding stromal compart- genesis. Our data would strongly support the existence of one
ments, or that in only the neoplastic epithelial cells (Table 1). or more TSGs residing in these two regions which when
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mutated participate in the initiation of cancer within the breast the stromal cells (34). It is well demonstrated that altered gene
epithelium. Of interest, LOH at D2S156 in the stromal cells is expression occurs between normal and neoplastic breast
also scored as an early event (Fig. 3). This has not been a stroma (35) and that stromal cells play a critical role in the
region noted to have LOH in whole breast cancers. Nonethe- production and possible dissolution of the ECM (36,37). Thus,
less, our data suggest that there will be at least one important genetic alterations in the stromal cells may change the interac-
gene residing in that interval which plays a prominent role in tion between epithelial cells and ECM molecules and influence
the initiation of breast carcinogenesis, possibly from a micro- the tumour invasion and dissemination (22,23). Our results
environmental or 'landscaper' point of view (26). The genetic suggest that LOH at 2q34 (D2S 156) might precede LOH of
model proposed (Fig. 3) assumes for simplicity that frequency three chromosomal loci in the stromal compartments (Figs 2
of occurrence reflects temporal sequence. This in turn assumes and 3). Therefore, we hypothesized that loss of a putative TSG
an equivalent effect on tumorigenesis and early progression on 2q34 might play an important role in genetic alterations of
between all alterations. However, it is recognized that an alter- stromal compartments, which in turn might influence tumour
native possibility is that some alterations may be dominant invasion and dissemination through ECM remodelling. If this
while others may require the co9peration of parallel or hypothesis is correct, then we can further hypothesize that
multiple complex alterations at other sites to facilitate progres- genetic alterations in the stroma might predict for poorer
sion, and that this would influence the prevalence of the alter- prognosis due to increased tumour invasiveness.
ation in advanced tumours. In the case of these different In summary, we have found frequent LOH in both neoplastic
assumptions, a lower frequency of stromal alterations could epithelial and surrounding stromal compartments in invasive
reflect the fact that stromal alterations are not dominant and adenocarcinomas of the breast and statistically significant
only exert an indirect effect on the adjacent epithelium, or only associations among the LOH at various chromosomal regions.
exert an effect in collaboration with others, to influence the We also propose a multi-step genetic model of breast carcino-
overall process of tumorigenesis. genesis involving epithelium and stroma, which can help build

The apparent asynchronous LOH at each marker between further hypotheses and guide future studies of reciprocal inter-
epithelium and stroma might suggest that while the neoplastic actions between breast neoplastic epithelial and stromal cells
epithelium is clonal, as is the stroma, these observations may in tumour initiation, progression, invasion and metastases.
support one viewpoint that epithelium and stroma derive from Such studies might eventually lead to novel therapeutic strategies,
different cellular origins. However, there are advocates of a which selectively target epithelium or stroma.
common cellular origin of both epithelium and stroma (27). If
this latter is true, then in the context of our observations, the
LOH in epithelium and stroma occurred after the divergence of MATERIALS AND METHODS
epithelial and stromal cell from the presumed common cell.

Despite a relatively small sample size, we were able to Breast cancer samples
examine pair-wise associations between regions and compart- Forty-one archival (formalin-fixed and paraffin-embedded)
ments where LOH occurred (Fig. 2). For example, LOH at tissues that were distinct cases of clinically sporadic primary
D17S579 in the neoplastic epithelial cells was associated with invasive adenocarcinomas of the breast were used. Twenty-six
LOH at D17S796 and D10S1765 in the neoplastic epithelial samples were obtained from the National Cancer Institute of
compartments. These chromosomal loci contain several puta- Canada Manitoba Breast Tumour Bank and 15 were from the
tive TSGs. The polymorphic markers, D17S579 (17q21), Department of Pathology of The Ohio State University.
D17S796 (17p13) and D10S1765 (10q23.3), are in proximity
to the BRCA1, TP53 and PTEN genes, respectively. Previous Microdissection of tissue and DNA extraction
reports have identified that there are significant associations
between LOH of BRCA1 and TP53 (28,29) or PTEN gene (28) Microdissection of carcinomatous epithelial cells, surrounding
in sporadic heterogeneous breast cancer samples. Crook et al. stromal cells, and normal epithelial or stromal cells from fixed,
(30) found a high proportion of 'whole' breast and ovarian paraffin-embedded sections of breast was performed using an
tumours from BRCA1 mutation carriers had TP53 mutations. Arcturus PixCell II Laser Capture microdissecting microscope
Our proposed genetic model does suggest that LOH at (Arcturus Engineering Inc., Mountain View, CA). This system
D17S796 in the neoplastic epithelial cells is the earliest hit, utilizes a transparent thermoplastic film applied to the surface
LOH at D17S579 in the neoplastic epithelial cells is the second of the tissue section on standard histopathology slides. The
one, then LOH at D10S1765 in the neoplastic epithelial cells is breast cancer epithelial, surrounding stromal, and normal
the third hit in these consequences (Table 1 and Fig. 3). The epithelial or stromal cells to be microdissected were identified
association between LOH of BRCA1 and PTEN is, therefore, and targeted through a microscope, and a narrow (-15 uM)
one of the genetic alterations that might be expected to occur as carbon dioxide laser-beam pulse specificity activated the film
a consequence of the loss of BRCA1 and TP53. LOH at above these cells. The resulting strong focal adhesion allowed
D2S156 in the neoplastic epithelial compartment was associ- selective procurement of only the targeted cells (38) (Fig. IA).
ated with LOH at three markers, D10S1765, DI1S912 and The cells removed in Figure IA are the neoplastic epithelial
D17S579, in the surrounding stromal compartments. The component. The surrounding stromal fibroblasts are immediately
reciprocal interaction between epithelial and stromal cells adjacent to the removed cells (Fig. IA, arrow). It is acknow-
plays a key role in the morphogenesis, proliferation and differ- ledged that while LCM minimizes cross-contamination of cell
entiation of epithelial cells (31-33). Most of the intercellular types, it does not guarantee against it. However, the very
substances, extracellular matrix (ECM) molecules that are 'clean' LOH (virtually all or none) which we have obtained
required for tumour growth and progression are produced by does suggest that any cross-contamination is not significant.
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ýDNA from microdissected tissue was extracted in 50 p1 of V Golf Classic Award for- Basic and Clinical Cancer Research
solution containing 0.04% proteinase K, 1% Tween-20, from the V Foundation (to C.E.) and a grant from the National
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night followed by heat inactivation at 95'C for 10 min. State University Comprehensive Cancer Centre).
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